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ABSTRACT
This thesis subject is a pre-fabricated element (cell): a system that employs natural, light,
and economic materials to produce a near-finished portion of a building. The intent is to
introduce sustainable design into construction industry through prefabrication. The cell
has been envisioned both for permanent and temporary usage: in the former case,
preeminently as a construction element, while in the latter, as a finished unit. In both
cases, the cell is mainly an assembly of smaller components that can possibly be recycled
and reused after dismantling without additional reprocessing. The main idea behind the
cell is to employ simple and small elements to achieve sustainable design.
Thesis Supervisor: William L. Porter
Title: Professor of Architecture and Planning
Preface
This thesis represents my personal journey through the building technology in the
attempt to bring architecture and engineering a little closer to each other for the
benefit of the environment.
What is the connection between sustainable design and prefabrication? The two
subjects are apparently very different from each other, however, they both have
embedded the same concept: possibility. In both cases we approach assorted problems
with various agendas (needs) and constraints with almost no clear intuition of what
could be the final result; the result is, indeed, different time after time. In both cases,
our preliminary decisions are incredibly important for the success of the project.
Several reasons led me to consider prefabrication in relation to sustainable design.
First, sustainable design is my personal goal, as I envision architecture as a service
and I believe that is our duty to provide a healthy environment that is sustainable
through time. Second, prefabrication is what most captured my attention while
exploring different construction technologies in relation to different materials. Third,
I have found very attractive the opportunity of cost and time saving that
prefabrication offers. I imagined that leveraging on time and cost could make
environmental matters more appealing to the construction industry. Lastly, quoting
DeLeuze, we always write about what we know least (DELEUZE/GUATTARI). In
other words, research is pushed by our personal need to explore and expand our
knowledge. Therefore, in the narrow line between knowledge and ignorance I write
my thesis.
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Chapter 1
Introduction
The function of the cell can be likened to that of a drawer within a chest of drawers.
Each element (drawer) can be unplugged and plugged from one building into another
in relation to the mutable needs of the real estate market. The idea is to introduce
modularity to allow inter-exchangeability of units between buildings. Inter-
exchangeability means the capacity of a single component to suite its function even
when transposed from one building to another. Prefabrication or, better, pre-
assembly is a possible solution to increase the feasibility of this system, combining
the traditional advantage of time and cost savings of prefabrication with the erratic
demands of the construction market.
The cell is not an independent unit, but it is part of a whole. The idea is to pursuit a
loose design "grammar" (cell equals tool) not constricted into unit-related geometry.
The cell is a construction element, an assembly of slabs and columns that becomes a
fraction of the building, a sub-element entirely dependent on the main structure of the
building. The building shape should not be generated by the cell's geometry, rather
the cell's dimension and shape should be related to the building design. The
Of course within the dimensional range given by transportability constraints.
modular element described in the following pages is a rectangular box. However, the
real contribution of this prototype is the construction approach it employs.
1.1 Preliminary Considerations
Observing tradition, besides being delightful, is usually extremely instructive. Trying
to understand principles behind colors, shapes, geometries, structural solutions, and
anything else of what has been done before us is often meaningful and inspiring.
While studying materials in the unsuccessful attempt to find the "green" one, my
mind kept going back to the idea that unless we do not produce a material we will
never have a green material. The second thought to follow was an historical
consideration about medieval time. In fact, after the fall of the Occidental Roman
Empire (476a.C.) bricks production had a complete halt, and only during the historic
period called "Basso Medioevo" (low medieval time) their production restarted
(Baroni). In the mean time, although very slow, the construction industry kept going
by recycling the existing elements.
Once understood that the only way to avoid pollution is to stop production, I started
asking myself how I could have met the current real estate rapidly changing needs
with such a statement: "keep what you have." Especially, I imagined the office
buildings scenario with their whirling changes (due to companies swinging, people
moving, business stretching/expanding, and so on) and how I could have possibly
satisfied their "brief term building" need. Therefore, I set my plan: identify my
priorities, understand the needs of the building market, learn from the ideas developed
by the building technology tradition, and last identify what could be my personal
contribution. The environment came to me as first priority for our generation of
architects.
1.2. Buildings and Environment
"In Xanadu did Kubla Khan /A Stately pleasure-dome decree: / Where Alph, the
sacred river, ran / Through caverns measureless to man / Down to a sunless sea. / So
twice five miles offertile ground / With walls and towers were girdled round: /And
here were gardens bright with sinuous rills, / Where blossomed many an incense-
bearing tree; /And here were forests ancient as the hills, / Enfolding sunny pots of
greenery. " Samuel Taylor Coleridge: Kubla Khan
From the 1997 EIA survey it emerges that in 1996 the United States' energy
consumption was 94Q2, i.e. one fourth of the world total energy use (360Q).
Additionally, the United States' per capita energy use is double compared to the
Europe's. Moreover, the United States population and energy consumption continues
to increase at rates larger than any other developed country in the world.
2 One Quad (Q) is equal to 1015 BTU
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Figure 1 World's energy consumption per person/country (Drake)
Notwithstanding with the uncertainty of what could be (if any) the widely advertised
climatic change and the energy situation (as estimations of both rely greatly on
human assessment and simplified models3) it is clear that the actual life/energy style
is not sustainable and can compromise the future of next generations. Some further
statistics show a worrisome projection of what could be a possible future on earth.
Twenty percent of the world population now possesses the 80 per cent of the wealth.
Forty percent of the world's people live in China and India, where the per capita
consumption of prior energy is one twentieth of the United States consumption rate.
Forty percent of the six billion and two hundred million people are undernourished.
Eighty percent of the world wants to have the things that the rest other twenty percent
has. Thirty-three percent of the world has zero energy. These figures beg the
question: "how many people can earth support?" In 1798 Malthus proposed that the
mismatch between exponential population growth and linear growth in food
3Among the most important Climatic global change models clearly in contradiction are the Canadian
(mostly drier forecast) and the Hadley (mostly wetter). Laboratory for Energy and the Environment - MIT.
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production would curtail unlimited expansion for human society. Limits-to-growth
concepts as well as carrying capacity of the planet re-flourished in the late 1960's,
and in 1995 new estimations foresaw the number to be close to thirty billion
maintaining a low energy profile, however, considering a modest European lifestyle
applied to China, we will find out that China could support such a style for only 333
million of inhabitants (number widely passed).
World Population
1650 550 million
1750 725 million
1850 1.2 billion
1900 1.6 billion
1950 2.6 billion
1980 4.5 billion
2000 6.1 billion
Map shows world
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Figure 2 World population (Drake's leture, May 8th 2001)
4 Built area 0.03ha/cap; half the per capita arable land use of Europe; quarter of the pasture land use of
Europe; 0.61 ha/cap of forest reserved for bioenergy (or lad for solar PV collection) [OptimumPopulation
Trust, UK, 1993]
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Figure 3 Temperature changes projections (Drake)
In reference to the building industry, buildings in the world consume more than a
third of the total energy. Even worse, in the Unite States scenario, they are
responsible for the consumption of half of the total electricity.
Buildings' energy consumption is due both to the still antiquated construction
industry and to the overall operating performance of the finished edifices. The former
is related to several deterring factors: general low profit margin in the construction
industry, time-delay between testing/understanding and use of new materials, slow
entrance and acceptance of new technologies in the construction practice, and
fragmentation of the operators participating to the process (designers, consultants,
fabricators, suppliers, etc). The latter is related to wrong or inaccurate design
(insensitive of local weather conditions, special functional requirements, etc), to a less
5 From Leon R. Glicksman, "Buildings: Developing and Using Sustainable Approach" Laboratory for
Energy and the Environment - MIT. Additionally: pattern of energy supply and utilization in the United
States for calendar year 1997 - Residential and Commercial 33.72Q, Industrial 35.67Q, Transportation
24.81Q - EIA 1998
predictable and more rapidly changing real estate market, to negligence either in
choosing the most appropriate materials or in the construction practice, and to
mechanical inefficiency.
The above considerations brought me to investigate more deeply the current
architectural evolution/revolution/involution to understand the changing market, the
necessity of the building industry, and the compatibility of sustainable design with
consumerist society.
1.3. Buildings and Changing
What does happen to fixed structures that are built to last for about one hundred of
years when they have outlived their usefulness within five years, or very often before
they are even completed? (Zuk -Clark)
In modern architecture, building life expectance is usually very short. Flexibility and
adaptability are very important qualities required in new buildings. Of course, this
grade of elasticity is related to the function that a building is designed for, i.e.
residential, productive (either factory or office building) and institutional (Brand).
Although some types of building (houses, institutional) necessitate a lower degree of
flexibility, nevertheless all of them are subject to changes in technology, aging,
services modification and so on, to which they should be able to adapt.
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Figure 4 DEGW. From Francis Duffy and Alex Henney, The Changing City, (London: Bullstrode,
1989), p. 61.
Two are the more feasible strategies to provide flexibility to buildings: scenario
planning strategy and redundancy. In the first, the preliminary research that usually
leads to a design solution should identify an array of possible uses for the building. In
other words, the design should generate a space able to respond both to the most
immediate needs and to a group of foreseen possible uses (Brand). Redundancy is the
excess in design that allows buildings to go through consistent renovations (new
technical equipment, major services renewal, change of use and consequential new
load requirements, etc) without exceptional expenditure. Quoting Rodin: "Buildings,
in general, last as long as their owners want them to last and are prepared to invest in
them. (...) the building designer does not embark upon his design of the building as a
whole with any specific life period in mind. The tacit assumption is that the building
will last indefinitely providing it is properly maintained and known short life
elements are replaced as required". Rodin mentions robustness of structure, ample
plant room, easy access for plant maintenance and replacement, and extra story height
and ceiling space as possible solutions to enable the building to respond satisfactorily
to the unexpected, and to stand the test of time (Somerville). The Massachusetts
Institute of Technology can represent a successful example of how redundancy allows
an historical building to be transformed into a contemporary functional structure.
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Figure 5 From Brand, S., "How Buildings Learn," Viking Penguin, USA, 1994
1.4 Analysis of Materials Using a 'Green' Scale
"True modernity can lie in the oldest of materials, constructions techniques, and ideas"
Renzo Piano
Establishing whether or not a material is 'green' is a difficult task. A lot of confusion
arises because of the complexity of the subject. A material can be polluting during
the first phase of its existence (when it is produced), during its period of operation
(e.g. a carpet that releases toxic gas), or when it has exhausted its function (e.g.
recycling reinforced concrete). Proper knowledge of materials allows calculated,
intelligent tradeoffs between material quality and its environmental impact.
Before industrial revolution, materials used by vernacular architecture, defined by
Rudofsky as "Architecture without architects ", were "natural"; i.e. they were part of
the ecological cycle from their production through their discharge (Bertagnin).
However, pollution still occurred: forests depletion, mining erosion, and so on. What
happened after the industrial revolution is that the scale of these phenomena
(pollution, waste and energy consumption) increased dramatically6 making the
construction industry one of the major causes of the environment "potential"
warming7. Therefore, although the uncertainty of the future climate behavior, it seems
necessary for contemporary designers to develop a skillful knowledge on construction
materials, through which (possibly) they will achieve a more sustainable architecture.
Generally speaking, materials can be subdivided in energy intensive and labor
intensive. The first ones need more materials and energy for their production (post
industrial revolution materials); the seconds necessitate primarily of human labor for
unearthing and installation (vernacular architecture materials). Of course, the
8
production energetic cost of the first is higher compared to that of the second groups
6 To exemplify: 10% of global C02 emission is due to Portland Cement production; global Portland
Cement Production (1996) has been 1,300,000,000 tonnes (MIT Energy Laboratory)
7 Different climate models offer different predictions about either temperature or hydrological changes. For
example, 'Canadian models 2l" Century' (a soil temperature model for North America) calls for mostly
drier soil in summer while 'Hadley Model 21st Century' (same kind of model with different
assumptions/approximations) calls for mostly wetter (MIT - Joint Program on the Science and Policy of
Global Change)
8 Among the natural material we can mention wood, stone, rough brick, ground, etc (Bertagnin)
Briefly, Energetic Costs for production of building materials vary from 639 KWHIt
(wood) to 80,514 KWH/t (aluminum). Brick production energetic cost is 2,556
KWH/t, and any other construction material is comprehended between brick and
aluminum (Bertagnin).
Traditionally, the following steps have characterized the life cycle of construction
materials. First is the collection of raw components and their transportation to the
factory site. Next is the transformation process, through which the "material" is
generated. And lastly is the delivery on site and its "installation". Maintenance and
recyclability are more recent issues introduced by a sustainable approach to building
design. This approach has to some degree extended the life cycle of building
materials 9 and has influenced the way a material is evaluated. While the term "cost
attractive" is at the base of any material evaluation, the concept of "cost" itself has
been changed. Indeed, health and environment are now new considerable burdens in
the material cost evaluation, and society and environment are the new final users, and
therefore the new judges of the materials' performance.
The following pages will provide a brief list of materials and their embodied energy
as presented by Stein and Reynolds (Stein).
9 A complete overall analysis of building material costs follow the entire life-cycle of the material from the
raw components supply cost analysis to the maintenance and recycling costs understanding.
TABLE 1.1 Approximate Total Emubodied Energy in Building Materials"
Volume
tu MJ
Weight
Btulb mJ/kg
Area
Building Material Btu/ft MJi/mn Btu
Masonry
4,000 9.3 Brick: clay fired*
ceramic glazed"
123 03 Adobe. sernistabilized"
730-960 1.7-2.24 Concrete blockL
1,500,000/yd '
1,700,000/yd
2,000,000/yd
43,200/yd
67,500/yd1
180,225/yd'l
2,070/m
2,346/m
2,760/m
60/m
93/m
250/m
2,400-4,000 5.6-9.3
2,2 0.005
12,680 29.5
3,900 9
25,400 59
Quarry tile'
Ceramic tile",
Concrete
Ready-mix concrete'
3,000 psi
4,000 psi
5,000 psi
Ingredients:
Portland cement"
Sand for concrete, unprocessed'
Sand, washed
Crushed stone, dry. for concrete'
Slaked lime"
Reinforcing steel: 25 mrn
Reinforcing barsl: #2
#8
Welded wire mesh-: 2 x 4, 14/14
2 x 12, 8/8
Metal Framing
19,200 447 Steel framing"
Steel shapes': W12 x 65, carbon
W12 x 65, alloy
WT6 x 27, carbon
WT6 x 27, alloy
14,060 32.7 Angles, 50 x 8 mm*
16,830 39,1 Joists, 203 x 152 x 52 mm (1 kg/m)y
Aluminum shapes': 8 I 8.81
6 1 5.10
51.000 580
25.160 285
14,000/brick
33,400/brick
3,700/block
24,100-
31,800/block
2,600/ft
41,800/ft
1,217,800/ft
1,749,200/ft
543,350/ft
780,400/ft
811,800/ft
469,900/ft
Per Unit
MJ
14.8/brick
35.2/brick
3.9/block
25.5-
33,6/block
0.84/m
13.4/m
390/m
560/m
175/m
250/m
260/m,
150/m
Wood Framing
Wood framing5
2 x 411
Lumber'
13 3 Glue laminated timbers"
Metal Sheets
SteeF: 22 guage
16 guage
Galvanized: 22 guage
16 guage
93.8 Corrugated galvanized iron (0.6 mm)'
Aluminum plate,: i in.
1 in.
321.7 Stainless steel: cold rolled
188 hot rolled
617
245
Copper"
Lead"
Wood Products
Shingles
Plywood: in. softwood'
Flooring,
Mouldings,
Mineral surface insulating board
Roofing (See also Wood Products)
Asphalt shingle': self-sealing
regular strip
Rolled roofing"
31.7 Saturated felt'
15 lb
30 lb
27,9
Plaster and Lath
Lath board
Steel lath"
Gypsum board'
i
3,750/ft
7,600-9,800/bd ft
13,400/bd ft
29,400
58,800
49,800
98,500
1.2/m
(8-103/bd ft)
(14.2/bd ft)
333
667
565
1,118
420,700 4,775
1,680,300 19,070
5,000- 56.8-
5,800 65.8
67,500 766
29,730
25,330
7,800-
11,000
7,300/bd ft
10.300-14,300/
bd ft
17,900 bd ft
(7.7/bd ft)
(10 9-15.1/bd ft)
(18.9/bd ft)
337
288
89-125
1,840 21
3,680 42
2,600 29.5
2,600 29.5
5,800 60.2
(continued)
91.620/ft3
160,800/ft
3,400/m3
6,000/m' 5,720
40,330
138.300
80,800
265,140
105,620
13,630
12,000
TABLE 1 I. Approximtate Total Embodied Energy in Building Materiaks" (continued)
Vo...e.We.g..
Building Material
Area
stu/tf MJ/m"
Per Unit
Btu Mi
Glass
6,750-7,500 15.7-17.4 Glass
Flat glass: double strength
tempered
Plate and float glass": I to t in,
Laminated plate glass . in.
Thermal Insulation
13,000 30.2 Fiberglass
50.400 117 Polystyrene"
31,000 72.1 Polyurethane
Mineral wool, 4 in.
Acoustical Ceiling Systems
19,200 44.7 Steel suspension systems"
103,500 241 Aluminum suspension systerns
Flooring (see also Wood Products)
7,350 17.1 Linoleum'
22,560- 522- Vinylr
27,730
5,900
33,303
64.5
13.7 Vinyl composition tile"
Modified resin vinyl tile
Finishes
76.8 Water-based paint'
15,430
72,600
48,000
212,500
175
824
545
2,412
8,300 942
68,370 776
503,670/gal 1,400/L Stains and warnishes"
437,000- 1,220- Paints'
508,500/gal 1,420/L
"These numbers are rounded in most cases.
"From Environmental Resource Guide (1996),
From Hannon et al. (1977).
'From Construction Technology Laboratories, Martha Van Geem, P E. (correspondence, 1997), Metric conversions by the author.
'From D. K. Irurah (1997) An embodied energy algorithm for energy conservation in building construction as applied to South Africa, Ph. D. thesis, February 1997, University
of Pretoria,
'Plaster information not yet available.
"Glass products currently available with 30% less embodied energy; under development with 60% less embodied energy.
weight
Btllb MJ/kg
Volume
Based on the tables above and research on the life cycle of some of the most common
construction materials (brick, concrete, steel, and wood), I generated a grading system
calibrated on the environment. The grading approach evaluates each material from the
beginning of its life cycle (raw materials harvesting) to the end (either trashing or
recycling)10.
MAT. ResD T Produ Install Ma Disma 'I Trad Recycli Re- No
epleti ction ation int ntling ition ng Proces Re-
on en al sing Proces
an END sing
ce
concrete 5 3 5 4 5 5 5 3 none 3 low none
wood 3 4 2 5 1 3 1 3 M-high 3 low high
steel 5 3 5 5 3 2 2 3 high 3 high none
brick 2 2 3 2 2 2 2 3 M-high 3 low high
Figure 9 Materials evaluation
This exercise helped reinforce some concepts that are important for proper building
practice. Resource depletion is inevitable unless the material that we are harvesting
comes from some recycling process or it is by nature useless to the environment (to
exemplify the latter: clay). Transportation always occurs, unless the product is
generated on the building site with local material (wood, brick - in some countries 1 ).
Maintenance is both monetary and environmentally expensive, and it occurs more
often when the quality of the construction is low. Recycling should be evaluated by
energy-used-for-reprocessing and real-market-demand of the recycled product. For
10 The grading above is based on personal assessment. The grading is organized on a range from 1 (low
pollution) to 5 (maximum pollution).
In Santarcangelo di Romagna (RN) Italy, some houses have been built with tuff dug directly on site. This
procedure generated buildings on top of caves, a stunning exmple of positive architecture (addition of
elements) in contrast to negative (subtraction) (GOVONI).
example, concrete cannot be considered recyclable because its re-processing end-
result (stone) is unproductive and expensive compared to what nature already
provides abundantly and cheaply.
Brick and wood are the optimal solutions for the design of a green cell. However, due
to cost/size/industry/fire codes considerations, I decided to substitute wood with steel
as the structural material of my unit. Brick is used as tile within my module for its
natural fire-resistance, its recyclability potential, and its naturally finished surface.
Chapter 2
Technology
2.1 Buildings and Technology
"Nothing is permanent. Everything is in constant flux and change. Through day and
night, through summer and winter, year after year, from birth to death, life flows in a
timeless cycle - always in change and transformation" Andreas Feininger 12
Technology, i.e. science of art and skill 1, has been trying to provide several solutions
to combine the construction practice with the variable human needs (apparently in
incurable contradiction with the rigidity embedded into buildings). There have been
several approaches (reversible, incremental, self-erecting, mobile, and disposable
architecture, mainly originated form kinetic architecture) focused onto reinventing the
construction process in order to achieve an idyllic "always-suitable" architecture.
Reversible architecture is a form of architecture (both in large and small scale) that
12 Andreas Feininger, "Forms of Nature and Life," Viking Press, New York, 1966, p. 19.
13 From Etymologic research (G - logia = science + technos = art and skill)
can be dismantled non-destructively or collapsed in a manner reverse to that in which
it was erected. In this approach, each element is reversible: unit, structure,
transportation, foundation, etc (Zuc).
Figure 10 AISI projet: Edmeades, Walloff, Tipton, under the direction of Zuk and pelliccia at the
University of Virginia
Incremental architecture is a particular kinetic system that can accept new, outside
elements (extraneous to the starting project) in order to respond to a wide range of
external pressure changes (kineticism of addition, subtraction, and substitution).
When the adaptability to external forces happens through interchangeability of parts,
this system is defined substitutive architecture.
Figure 11 Substitutive architecture (Zuc).
Figure 12 Comparison (substitutive architecture) Warren Chalk's Capsule homes project and
Nagakin Tower
Self-erecting architecture (as the previous ones is a potential architecture envisioned
in the 1960's) has a highly semi-automated process: enormous cranes are maneuvered
by two/three persons capable of erecting the building in a few hours. This case
recollects Habitat 67 in Montreal, where entire rooms (each 90 tons in weight) were
lifted up from casting beds to a level high above the ground and organized in a
creative arrangement (see case study).
Figure 13 Example of self-erecting architecture
Mobile architecture introduces mobility into architecture, i.e. buildings now can move
as a total unit. Recent application of this principle can be found in Sir Nicholas
Grimshaw's project, the Igus Factory (see case study). In this case, due to the specific
necessity of this factory to modify its setting through time and in relation to
production requirements, the factory is an open space with movable "islands" that can
be moved and replaced independently from the rest of the structure.
Mobility can be applied either to a part or to an entire unit. Renzo Piano's mobile
factory (1978, Mobil Construction Unit, Dakar - Senegal) is a movable house capable
of moving from village to village.
Figure 14 Mobile Factory - Renzo Piano
The latest attempt to defy building's obsolescence is disposable architecture (or short-
lived architecture ). Disposable architecture deals directly with the three major
forms of obsolescence in architecture: functional, aesthetic, and physical. The first, as
mentioned in Brand dissertation, is related to the change of a set of external pressures.
The second is a speculation of fashion and style. Lastly, physical deterioration is an
inevitable aspect of materials despite proper use and maintenance. Quite often this
last type of obsolescence is associated with economical issues. In fact, if a building
costs too much to maintain, it will more likely be left to become obsolete rather than
be restored. The original disposal approach mentioned by Zuc foresees the
introduction of cheaper and more disposable materials into the construction practice
in order to provide a short-lived/throw-away architecture that could better match the
new mobility of the building market. I believe that the disposable approach should not
be applied so completely, but rather adapted to the Brand and Duffy's concept of
layers. In other words, the systems should be applied to subparts of the building in
relation to their life expectancy so that those parts that do no longer respond to the
outside forces can be removed.
The general insight emerging from the previous pages is that if buildings were once
envisioned as stable objects, now (since rapid and dramatic changes occur into the
real estate market) they are perceived as entities that require dynamic qualities, such
as an evolutionary component in their master plan to accommodate changes in
society. Moreover, current and future environmental problems are pressing
14 From W. Zuk, "Kinetic Architecture," p. 136 : "Our society has demonstrated that it is not adverse to
throwing things away. The American attitude toward designed object is one of consumption; therefore,
objects are meant to be enjoyed for a brief period. The result has been a lack of attachment toward specific
objects, with the real thrill belonging to the acquisition."
technology for new solutions. Since, as economic issues exert the strongest pressure
on building industry, any solution must take cost/efficiency into consideration.
2.2 Prefabrication
"Brick-size modules will yield to room-size modules" William Zuk
"Repetition and difference" could be the title of a philosophic dissertation1 5 however
it expresses the milestone concepts beneath prefabrication. Prefabrication is one of
the most heterogeneous fields undertaken by the construction industry. The variety of
products and processes generated over the last fifty years has caused a certain degree
of confusion about prefabrication's definition and classification. Now the term is
improperly used to describe a range of different processes: prefabrication, pre-
assembly, and off-site fabrication.
2.2.1 Definition
[Prefabrication is a manufacturing process, generally taking place at a
specialized facility, in which various materials are joined (or shaped) to form
a component part of the final installation. (Construction Industry Institute -
CII - USA, 1986) Pre-assembly is a process by which various materials,
prefabricated components, and/or equipment are joined together at a remote
location for subsequent installation as a sub-unit. It is generally focused on a
system. (CII) 16]. Another definition of pre-assembly (CIRIA) is [the
15 As by chance it is (Deleuze/Guattari)
16 Definition provided by the Construction Industry Institute (CII) USA, Tatum et al. (1986).
organization and completion of a substantial portion of a given work's final
assembly before installation in its final position.] It includes many forms of
sub-assembly. It can take place on or off-site, and often involves
standardization. [Off-site fabrication is a process that incorporates
prefabrication and pre-assembly.] The process involves the design and
manufacture of units or modules, usually remote from the work site, and their
installation to form the permanent works at the work site. In its fullest sense,
off-site fabrication requires a project strategy that will change the orientation
of the project process from construction to manufacture and installation.
2.2.2 Classification
As mentioned above, prefabrication comprises a wide range of construction elements
differing by use, dimension, and materials; it is therefore difficult to classify
prefabricated systems in a coherent and complete way.
Originally, off-site fabrication systems were classified following the principle of
'paternity' (by country or inventor). Quite often, the differences between some of the
different systems were minimal; moreover, as the classification was focused on
paternity rather than on the product, these lists were hard to consult. Concrete was the
leading material used.
By the 80's, prefabrication had already reached a very advanced level of technology,
and the classifying criterion had evolved as well. In an Italian magazine (Guide di
Modulo - Le Costruzioni Prefabbricate), off site fabrication is approached according
to the principle of conformity. Prefabrication is there treated as a system within the
system, i.e. classified in relation to the function and the importance that it holds
within the building in relation with the project (i.e. complex system/simple project, or
complex system/complex project, and so on). In the magazine, the classification is
restricted to distinguishing between the concrete elements used for industrial
buildings. This classification by 'conformity to the project' does not solve the
difficulty of generating an easy-to-consult classification.
In 1999, Gibb (Off-site Fabrication) introduces the concepts of non-volumetric,
volumetric, and modular building with the following definitions [quoting:
- Non-volumetric: the term non-volumetric may be somewhat misleading since
all the units and systems produced will have some volume. However, it is
used to mean items that do not enclose usable space, to distinguish it from
volumetric off-site. Typical example would be parts of the structural frame or
cladding of a building, internal partitions, parts of building services,
distribution ductwork or pipe-work and so forth.
- Volumetric: The volumetric off-site fabrication category comprises units that
enclose usable space, but do not of themselves constitute the whole building.
Most units are substantially complete in themselves, leaving only a small
amount of work to be completed on site. (for example: toilet/washrooms, plant
rooms, lifts)
- Modular building: This category comprises units that form a complete
building or part of a building, including the structure and the envelope. Most
units are again substantially complete in themselves leaving only a small
amount of work to be completed on site. Examples of modular buildings
include medium-rise office or hotel accommodation, stand-alone retail units,
housing (in some countries), and a wide variety of temporary or relocatable
solutions.]
Gibb's classification clearly shows the need of an organized and understandable list
that allows the comprehension of prefabrication's potentials.
The following is my personal classification, relating the different components to the
building. The classification is intended as a tool both for designers and contractors. It
takes Brands's building's partition classification as starting point and then subdivides
the prefabrication systems in five letters (fig. 15) according to the function they will
serve once in the building.
A - podium j
B - structure
C - partitions
D - envelope
E - machinery
Figure 15 The five partition of buildings and prefabrication systems
Whenever a system can serve multiple functions, its classification becomes 'hybrid
A/B', or B/C, according to the different function it will cover within the building. An
additional V (volumetric) or NV (non-volumetric) could be applied to indicate the
three-dimensionality of the elements, i.e. if it does or does not enclose space.
The classification system suggested follows the building's organization, making the
relation between prefabrication and building stronger, and the accessibility to
different products easier.
2.2.3 Reasons for prefabrication
Off-site prefabrication has been developed in response to a number of external factors
such as (quoting Gibb):
- sporadic urgent demand for building or facilities (e.g. British colonization and
the subsequent need for rapid European-style housing)
- changes in business practice causing rapid commercial development
- rapid response to natural disasters (e.g. earthquakes)
- the industrial revolution in the developed world changing both the
manufacturing capabilities and public perception of the desirability of
industrialized products
- changing fashions that either favor or frown on
- advances in technology in other sectors combined with a desire for technology
transfer
- increase in labor costs driving the desire to optimize labor utilization and
productivity
- decrease of available skilled labor at the worksite driving the need for a stable
skilled workforce at the manufacturing facility
- changing client expectation (e.g. a desire for more predictability in project
outcomes)
- development of digitally controlled manufacturing facilities and high-powered
computer-aided design systems giving more flexibility to manufacturers
- increased concern for the health and safety of workers driving the desire to
reduce more hazardous on-site work.
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Figure 16 The historical influence of external factors on off-site fabrication (Gibb)
The graphs above illustrate the historical behavior of prefabrication in relation to
different external forces. While some of the factors (sporadic urgent demand and
industrial revolution) appear fairly stable, other factors (mainly related to the new
quality achieved by the prefabricated products) are growing fast foreboding for a
possible re-flourishing of off-site fabrication.
2.2.4 Prefabrication and technology
Figure 17 Concept schemes of prefabrication systems
The production of prefabricated materials ranges from small blocks (we can think
about brick as the simplest example of modular prefabricated material), through very
complex elements (portions of bridges, parts of roofs) to almost finished units (part of
buildings, toilet boxes). Numerous materials are involved with very different
characteristics from each other. Concrete and brick are usually employed for heavy
systems, while wood, steel and plastic are used for lighter (or slender) components.
As previously mentioned, every industrialized country has produced its own systems
of prefabrication. As a result, we have a great variety of names and licensed marks for
a group of systems that often differ from one another in minor detail (complete
manuals, such as Industrialized Building, can provide an accurate and complete
description of each one of them). The following are some examples from the
European experience (such as the French Tracoba 4 - fig. 18).
ii
Figure 18 Tracoba 4
Within prefabrication different materials have always served a broad range of
functions (structural, finishing, or mixed). However, wood and steel has primarily
been used for structural components (column/pile, beam/girder, slab, and wall -
Bison, Reema, Baret, Medway MK5, triodetic) in a variety of form and load capacity,
while concrete and plastic materials (i.e., bakelite) have traditionally covered a
broader range, from small elements to complete units. (See East European countries
monolithic units - fig. 19 and 20, and case study - Habitat 67).
Drawings showing
the design of the
monolithic block
boxes
Figure 19 Russian monolithic units
Figure 20 Hoisting of a monolithic unit
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2.2.5. Prefabrication - case study
Habitat 67 (Montreal) is the result of Moshe Safdie's thesis project (A Case for City
Living: an Investigation into the Urban Dwelling -1961). This is a high-density-living
project pioneer of prefabrication and mass production modules. In its first design, the
project conceived of 950 modular units. The finished size was much more modest in
scale numbering 354 modules (disposed in 16 different configurations) with an
overall cost of 21 million of dollars. In Habitat '67 the modules are called 'boxes',
and are conceived as highly adaptable housing prototype for various sites and climatic
conditions. These boxes, clustered along a pine tree, hill-shaped structure (held
together by post-tensioning, high-tension steel rods, cable, and welding) are pre-cast
concrete units (fig. 22).
Figure 22 Habitat '67 - Montreal
Each module measures 12mx 5.33mx3m, and weights as much as 90 tons. Habitat '67
is an incredible example of on site prefabrication and pre-assembly; in fact the
modules all have been constructed and assembled on site within a concrete factory
built specifically for this purpose. Besides modularity, another peculiarity of the
project is the remarkable engineering achievement. In fact each element of Habitat
(its cantilevered units, its walkways, and three sets of paired elevator shafts) acts as a
load-bearing structure to the overall building.
Modularity in Habitat '67 reaches one of the biggest expressions. The concept that
standardization can reduce the cost of buildings is the key point of this project, which
aims to create a new generation of low-cost houses (prefabrication as a tool for social
goal).
Figure 23 Motreal - Habitat 67
Castle Meadow, Nottingham, Headquarters for the Inland Revenue - Castle Meadow,
a new headquarter for the UK's Inland Revenue, was completed in 1996. It is an
example of off-site fabrication. The project, seven buildings of three and four stories,
covers a total floor area of 40,000mq at North-West of Nottingham Castle.
Time has been the main reason of choosing prefabrication in this project. In fact the
Inland Revenue was managing the resettlement of 1,800 employs, and the necessity
of retaining a firm completion date was therefore a necessity. Moreover, to the Inland
Revenue was requested as well to realize a prestigious building (constructed
respectfully of quality and safety issues).
Fabricated off-site were the following elements: brick piers, reinforced concrete
floors units, window cladding units, glass block panels for stair towers, roof
steelwork, lead-clad plywood roof, and wall panels. Some of the prefabricated
elements within the project solve multiple functions: for example the brick piers
(fully brick) are at the same time part of the structural system (load-bearing element),
part of the energy management system, and part of the ventilation. As the brickwork
was made within a factory, this allowed to obtain close controlled parameters, and to
generate a mock-up to check fit up, quality of the end-product, and performance
(weather penetration).
Figure 24 Castle Meadow (Gibb)
Storage is another benefit achieved in this project with prefabrication. In fact the piers
were stored at the factory waiting for the right time to join the construction process.
In the economy of construction site, reducing site supervision and storage
requirements is a very important point.
Castle Meadow is a good example of how prefabrication allows to speed up with
construction time, to provide better quality control, to achieve efficiency in
production (saving of materials, etc), and to respect construction schedule. Moreover,
as the piers (once on site) were immediately capable of bearing loads the project
points out how prefabrication can eliminate on site dead time. More than 1,000 piers
(weighting between 3 and 8 tons) were built.
Among the qualities of the project, standardization has to be mentioned, as here it
allows to reach high quality definition of details (piers as described above, window
units with electrical control, fan and heater) as well as to reduce on site work.
In conclusion, the goals of the project (time saving, high quality and safety) were
successfully reached.
Land Mark Hotel (1992) and Granada Hotel (1997) - As mentioned before,
modularity and prefabrication together can be seen as a possibility to meet and satisfy
needs of the market. These two hotels are quite representative examples of this.
The first one, an historically significant building, nice example of Victorian style,
necessitated of refurbishment and new building work. The aim was to create a
luxurious five-star hotel of approximately 38,000m2 gross area. Because of the
original ornate moldings, carved cornices, oak paneling and marbles, the restoration
required particular attention.
Two hundred and eighty bathrooms were built off site, and located inside the rooms
through the demolished courtyard fagade. The bathroom structure was formed from
hollow box-section steel members with a solid plate floor and well linings in cement
particleboard sheet fixed to main steels or intermediate studs (Gibb). Electrical,
mechanical, and plumbing services were run within the wall cavities, under the floor
plate, or on the roof of the module, where all main service connections were located.
Each bathroom was delivered with all internal finishes complete, and the on site
delivery occurred with a rate of almost twenty units per week (fig. 25)
TYPICAL CROSS SECTION
Figure 25 Land Mark Hotel (GIBB)
The second one, Granada Hotel, shows how modular building can be relocated
following the needs of the market. In fact, a complete hotel (32 rooms) has been
dismantled and transported from Nottingham Shire to Lincoln. The hotel, not
designed with the idea of future transportation, was however realized with modular
units. This made possible to relocate the building with an overall expense of I
500,000. The total operation required 14 weeks: from May to August 1997 (Gibb).
These two cases, further examples of time and cost saving, inquiry a new interesting
field connected with modularity and prefabrication: portable architecture, which
could allow new flexibility in construction organization, and market management.
The next example, explore one more time this interesting concept.
IGUS Factory, Porz Lind, Cologne, Germany (1990-1999) - Igus is a factory
producing molding tools supplying machine part for industry, challenging
conventional use of plastic. Due to the particularity of its production, this factory
needs extreme flexibility of its partitions, because the production layout has to follow
the production requirements.
The project was commissioned to arch. Grimshaw, N., in 1990. Several were the
objectives of the project: flexibility (each part of the building can be dismantled and
moved), fixed budget, and construction through phases according with the
requirements of the factory and the availability of capital.
The design team developed the concept of a building that would be flexible in detail
(allowing the relocation of elements from place to place), and with a form consisting
of a series of modular spaces and enclosures adaptable to different uses, and erection
in different sequences. Once ultimate, the size of the building would be 24,620mq
organized in four squares of 68mq each. The construction has been thought through
seven separated phases (fig. 26).
Figure 26 Igus Factory - Cologne (Germany)
The main structure of the building consists on 40m high pylons to support the
suspended roof. The free span between columns is of 33m.
2.2.6 Prefabrication - Pros and Cons
In the building process cost and time are strictly connected, and are almost
synonymous. Off-site fabrication affects both. Pre-fabrication influences the
components cost, reduces the waste material that is usually abundant on-site, lowers
the additional cost connected with inaccessible and/or under-dimensioned sites, and
decreases labor cost while making it safer. In relation to Gant's diagram, off-site
fabrication allows simultaneous progresses of different construction phases that, if
well managed, can lower sensibly the overall construction time. If standardization
and unit repetition are added to off-site fabrication, the benefit increases further.
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Figure 27 Standardization benefit curve (GIBB).
Additionally, off-site work reduces all the constraints associated with the site, and
eliminates vulnerability to weather.
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Figure 30 Jean Prouve'- twenty-one story university residential block
Figure 31 Jean Prouve'- Sahara's house
Chapter 3
The Cell
One of the first problems encountered while designing the cell was redundancy of
materials, increasing the weight of the load bearing structure, and general cost. Also,
as the cell can be built in an off-site facility,
transportation is another issue in evaluating
the cell in terms of cost and pollution. The
result of such considerations was to develop
a cell with a high degree of modularity that
has the potential to act as a construction
component rather then a finished element.
In order to reduce structural redundancy,
the cell was deevloped either as a foldable
construction element or as a semi-finished
modular unit (to be assembled either on site
or at a remote facility). In the former case,
the cell is a simple construction component
formed by three slabs joined together by
Figure 32 Foldable component
either columns or rods17 (depending on the
structural model - compression or tension - more suitable for the building) (see fig.
33-34). The top and the bottom slabs of this unit rely directly on the main structure,
while the middle slab is supported by vertical elements connected to the previous
17 Either 304 (twice the tensile strength and three times the yield strength of annealed stainless steel), 316
stainless steel or Nitronic 50 (where high strength-to-weight ratios are required)
ones (see fig.32). The module arrives on site folded. Special cranes lift the element up
well secured (in order to avoid undesired sudden release). Then the element is
gradually released to take its final configuration. Finally, bolting or welding
operations secure the element to the building.
Figure 33 Foldable element study
Figure 34 Foldable element study
The foldable element is intended to be a permanent part of the building. The semi-
finished rigid frame au contraire is meant to be removable.
3.1 Semi-finished rigid frame
The cell, m14.04x2.35x3.6518, is a steel frame complete of interior finishes and
mechanical devices. Two slabs, a top and a bottom one, are connected by vertical
slender elements (four rectangular tube sections: TS 5X4X3/8). These elements serve
to bear the main load during transportation, and once on site become almost obsolete.
Figure 35 Cell during transportation
During transportation additional members (temporary studs' 9 and cables) give rigidity
to the cell. These temporary members are removed once on site, and recycled for later
use. Once part of the building, the cell rests its weight directly on the main structure
and on the cell below through the slabs' connection.
18 The cell's dimensions come from the survey of several international trucks maximum dimensions:
Canada (www.gov.ns.ca/tran/trucking/vehiclewhatsdims.stm-14k), Europe
(http://europa.eu.int/scadplus/leg/en/lvb/124170.htm), and USA's average, as in this case dimensions vary
sensibly from state to state (www.oim.dot.state.mn.us/spring/2001 spring load.pdf;
www.truckwebusa.com/HTML/stateinfo.htm)
19 Studs' size is the same as columns (TS 5X4X3/8), to achieve a more standardize components production.
The two slabs have been developed with particular attention to material optimization.
The top platform (structure's depth 60cm) presents five light trusses spanning the
entire length of 14.04 meter (- 46 feet). Top, bottom, and vertical elements are tees
sections (WT6X68 top and bottom, WT5X44 vertical), while paired angle sections
are used for sloping components (L2X2X3/8). Simulations to determine member
sizes and test the structural behavior of the cell were run with Multiframe and
Cosmos/M (see Appendix I, on CD). The trusses are connected at their edges through
angle elements (L8x8xl, one on each side). The angle elements serve multiple
functions: they connect the cell to the main structure; they establish position and
rigidity between the trusses; and they provide a slide-in-rail for the cell during
installation. A C channel is applied at the bottom of the trusses whenever the cell has
lateral walls (see fig. 37). to provide anchoring to the wall's cable hanging structure.
Figure 36 Multiframe's sections representation
Figure 37 Cell's wall tile system
Intentionally, the bottom slab of the cell is structurally under-dimensioned. Light
gauge steel joints (C-shaped sections: depth cm12, span 2.35m) run normally to the
major length (14.04m), one every 58.5cm. Two C-shaped steel sections (depth cml4)
frame the edges of the light gauge steel joists. This slab is not load bearing. It has
been sized in order to support its own dead load during transportation and installation.
Once installed, the floor slab rests on top of the below cell's ceiling slab. In other
words, each cell supports the weight of the one above. The floor employs the same
tile system used for the wall: square metal frames (cm 59x59x4.6) are filled with clay
tiles (hand made "Pedale", cm 29.5x29.5x3.22 0 ). The insulation material (thickness
cm4) is applied on the backside of the frame (see fig. 38 and 39)
20 The mentioned Pedale is produced by San Marco laterizi (Saint Gobain multinational). Characteristics:
2 2Compression resistance > 15N/MM , Rt= 0. 17m K/w, Fusion point = 11 50'C, Weight = 4.6 Kg (ea).
Figure 38 Floor assembly
Figure 39 Tile assembly
3.2 Installation and Dismantling
The cell, which is transported to the building site either through truck or barge, needs
to have a wide lifting platform to be installed. The floor slab does not have the
structural capacity to withstand the lifting operation unless the two long C-shape
elements (depth cm14) are supported in several points along their span (14.04m). The
lifting principle is based on the Rolling system used in Tracoba 4 (see fig. 18).
The cell is a construction element meant to generate an office (or residential) space
through connection with others modules.
Figure 40 Cell's possible aggregation
The aggregation on a single floor of three cells, as shown in fig.40, generates a 99m 2
unit (1,065 ft2). In the example, the maximum distance from the glazed external wall
is 7. 10m (23ft), thus allowing both natural light and ventilation.
Each cell is bonded through rigid connection (edge channels) to the main structure.
Because each cell's floor stands on the below unit, the removal of one block can be
done only with particular expedients (to preserve the remaining ones). Hence, either
the above cell is emptied, or the removed unit leaves its own trusses slab in the
building, or a temporary rolling system has to be inserted to support the remaining
block.
The cell can be assembled either on-site or off-site without requiring any change in
the components production. On-site assembly improves transportation savings, while
off-site benefits (see paragraph 2.2.5.) from several advantages common to
prefabrication. Each solution should be weighted to better suite the specific
construction conditions.
3.3 Conclusions
The cell aims to create a possible matching point for changing architecture and
sustainable design.
Figure 41 Forces' change and architecture's reaction
The diagram above represents conditions of three buildings types (top-left):
residential, productive, and office building. From left to right in each row the diagram
represents what possibly happens to a building when forces external to it change:
increased demand of a specific typology (top-center), change of technology related to
a specific building type (top-right), uneven mix of functions (middle-left),
business/activity dimensional swinging inside a typology (middle-center), and
collapse of the building (middle-right), i.e. it becomes convenient to demolish the
building by now obsolete. The last row of the diagram shows contemporary
architecture solutions to the very flexible real estate market: cheap architecture (low
quality; bottom-left), mega-infrastructure planned to respond to a variety of
typological requests, redundant architecture (bottom-center), and lastly, inter-
exchangeable elements (semi-finished modular cell; bottom-right).
The cell is a modular portion of a building that can be plugged in and unplugged
according with the markets' needs. It can be dismantled and its components can be
used independently and recycled, too. No additional reprocessing is necessary to
reuse the cell or any of its components. Structural elements in the cell are always
going to be exposed to the same load condition; therefore it is not necessary to re-
process them. Brick tiles can be remove and reused in another cell. Their metal frame
can be reused for ceilings; the brick can be used as regular tile in any other
construction. Modularity, starting from the idea of a brick, allows inter-
exchangeability.
Figure 42 Renzo Piano - ideas for the movable
factory
As it is not possible to construct without polluting, the goal of this project is to
generate an indefinitely reusable element (either a whole unit or portion of it) to
reduce the quantity of construction processes and waste production typical of the
construction industry.
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